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Abstract 



Electronic structure of nickel nanoparticles encapsulated in carbon was characterized by 
photoelectron, X-ray absorption, and X-ray emission spectroscopies. Experimental spectra are 
compared with the density of states calculated in the frame of the density functional theory. 
The carbon shell of Ni nanoparticles has been found to be multilayer graphene with significant 
(about 6%) amount of Stone-Wales defects. Results of the experiments evidence protection of 
the metallic nanoparticles from the environmental degradation by providing a barrier against 
oxidation at least for two years. Exposure in air for 2 years leads to oxidation only of the 
carbon shell of Ni@C nanoparticles with coverage of functional groups. 



Introduction 



Metallic nanoparticles have potential applications in many technical and biological fields (drug 
delivery, cancer diagnostics, catalysis etc.).- - — In order to prevent metallic nanoparticles from ox- 
idation and agglomerations upon thermal treatments, they are encapsulated in carbon.— - — Metallic 
nanoparticles wrapped in carbon layers can retain the intrinsic properties of metals at nanoscales. 

Magnetic properties of these systems depend on sizes of the particles as well as their degree 
of crystallinity and the chemical state. Carbon-coated ferromagnetic metal nanoparticles are pre- 
dominantly single domain and display the superparamagnetic behavior.— Moreover, the carbon 
coatings can endow magnetic particles with biocompatibility and stability in many organic and 
inorganic media.- - -^ The instability, large aggregation, and rapid biodegradation of the pure un- 
coated (naked) magnetic nanoparticles could be overcome by replacement of the naked magnetic 
nanoparticles by the encapsulated ones, since the intrinsic properties of the inner magnetic cores 
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in this case are well protected by outer carbon shells, which in turn gives many possibilities for 
further modification. Besides, the combination of carbon coating and metallic cores having 'core- 
shell' structure provides unusual catalytic properties to these nanocomposites. 13,14 However, up to 
now, the nature of the catalytic activity of the mentioned nanoparticles is still an open question. 

Initially, we have studied carbon encapsulated nickel and iron nanoparticles by means of X-ray 
absorption and photoelectron spectroscopy methods. 16 We have found that Fe and Ni cores are 
in metallic states and carbon coating protects the metallic nanoparticles from the environmental 
degradation. In the present paper we have concentrated the main attention for study of Ni@C 
nanoparticles. The previous studies are completed (i) by measurements of X-ray emission spectra 
(XES), (ii) by studies of Ni@C nanoparticles after 2 years storage, (iii) by calculations of the elec- 
tronic structure of Ni@C using the density functional theory (DFT) for different models of carbon 
coating. We will show that the carbon shell of Ni nanoparticles can be described by multilayer 
graphene with some amount of Stone-Wales defects. 

Experimental and calculation details 

Nanocomposites Ni@C were produced by evaporation of overheated (~ 2000 °C) Ni liquid drop 
by blowing up a buffer inert gas (Ar) containing a hydrocarbon as described in our earlier paper.— 
The melting of Ni drop performed by induction levitation system which provides clean conditions 
(no impurities and oxygen) for the obtained nanocomposites. The morphological characteristics 
and the structural parameters of the composites were analyzed by high-resolution transmission 
electron microscopy. Ni@C particles sizes are in the range of a few nanometers up to about 20 nm. 

Our first spectral measurements were carried out within 2 days after preparing the Ni@C sam- 
ple.— Replicates of the experiments were made after two years on the same Ni@C sample. 

The C Ka X-ray emission spectrum (XES) was measured at the beamline 8.0.1 of the Ad- 
vanced Light Source (ALS) at the Lawrence Berkeley National Laboratory. Photons were delivered 
to the sample via the beamline undulator insertion device and the spherical grating monochromator. 
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The measurements of X-ray absorption (XAS) and photoelectron (XPS) spectra of Ni@C were 
performed using the Multi User Stage for Angular Resolved Photoemission (MUSTANG) experi- 
mental station at the Russian-German beamline at BESSY equipped with a PHOIBOS 150 SPECS 
GmbH electron energy analyzer. The absorption spectra are registered in the total electron yield 
mode. The Ni 2p and C Is XPS spectra for the as-prepared Ni@C sample [denoted as Ni@C 
(1)] were obtained at the photon energy of 950 eV. The valence-band photoelectron spectrum of 
Ni@C (1) was measured at the excitation energy of 200 eV. 

X-ray photoelectron spectra for the Ni@C sample stored in air for 2 years [Ni@C (2)] were 
measured with an ESCA spectrometer from Physical Electronics (PHI 5600 ci) using monochro- 
matic Al Ka radiation (hv = 1486.6 eV). 

We have measured also spectra of reference samples: Ni metal, NiO and highly oriented py- 
rolytic graphite (HOPG). 

The calculations of the electronic structures of Ni@C nanoparticles were carried out with help 
of the density functional theory (DFT) using the pseudo potential SIESTA code,— within the 
framework of the local density approximation (LDA). 19 For the simulation of the atomic structure 
Ni@C nanoparticles, we have performed optimization of the geometric structure for several model 
systems, and then compared the obtained electronic structure with the experimental spectra. 



Results and discussion 

Photoelectron spectroscopy is a feasible method for characterization of chemical states of mate- 



rials and for providing information about the occupied electronic states. [figure][l][]l (a) shows 
valence-band photoelectron spectra measured for the as-prepared Ni@C nanoparticles [Ni@C (1)] 
(with excitation energy of 200 eV) and for the same sample stored in air for 2 years [Ni@C (2)] 
(with excitations energy of 1486.6 eV — Al Ka excitation line). For comparison, the spectra of 
Ni metal and NiO oxides measured at 1486.6 eV are shown. 

According to data of Yeh and Lindau, 20 the electron photo-ionization cross-section ratios for 
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Figure 1: (a) Valence-band photoelectron spectra of as-prepared Ni@C nanoparticles (1) and 
Ni@C stored in air for 2 years (2) measured at the excitation energies 200 eV and 1486.6 eV, 
respectively. For comparison, the spectra of pure metals and oxides are shown. The spectra of Ni 
metal and NiO were measured at the excitations energy of 1486.6 eV. 
(b) Ni 2p X-ray absorption spectra of Ni@C nanoparticles, metallic Ni, and NiO. 

Ni and C for the excitation energies of 200 eV and 1486.6 eV are equal to 110 and 590, respec- 
tively. Consequently the main contribution to the valence-band XPS spectrum in the presented 
energy region stems from the Ni 3d states. The similarity of the spectra of Ni metal and Ni@C 
demonstrates that Ni cores in Ni@C are in the metallic state. 

In transition 3d metal compounds, cation 2p X-ray absorption spectra are dominated by intra- 
atomic and short-range effects. In view of this, metal 2p X-ray absorption spectra correspond to 
the metal 2p— > metal valence band (3d) transitions and are determined by the valence state of metal 
atoms. 



[figure] [1][]1 (b) displays Ni 2p X-ray absorption spectra of the carbon-encapsulated Ni 



nanoparticles, Ni metal, and NiO. The Ni 2p X-ray absorption spectra of the carbon-encapsulated 
Ni nanoparticles are similar to those of metallic Ni. This means that Ni cores of as-prepared Ni@C 
(1) and Ni@C nanoparticles stored in air for 2 years (2) are in the metallic state. 

These results demonstrate high efficiency of carbon protecting layers. Note, Cho et al. 21 found 
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that Au-coated Fe nanoparticles are oxidized after one month. Therefore carbon protects 3d metal 
against oxidation much better than gold. 

Information about unoccupied carbon 2p states can be obtained from C Is X-ray absorption 
spectra. C Is X-ray absorption spectra of carbon encapsulated nanoparticles Ni@C and of HOPG 



are presented in [figure] [2] [] 2 The spectra of HOPG are measured at two angles between the 
normal to the surface and of the synchrotron beam (# = 60° and # = 0°). The measurements 
of the C Is XAS spectra of HOPG at two orientations allow to separated 7T* and o* states. The 
spectrum measured at # = 0° reveals mainly a* states. The n* states are seen in the spectrum 
measured at ■& = 60°. 

The C Is XAS spectra of Ni@C are generally very similar to those of graphite, showing dis- 
tinct n* and o* bands (peaks c, /, and g), but with some noticeable exceptions. The spectra of 
Ni@C show peaks a, b, d, and e which are not exhibited in the spectra of graphite. Distinction 



between the C Is XAS spectra of Ni@C and HOPG is seen in the insert to [figure] [2] [] 2 where 
the difference spectrum obtained by subtraction of the spectrum of HOPG (measured at # = 60°) 
from the spectrum of the as-prepared Ni@C sample is presented. 

The features a and b located below the n* resonance can be seen also in graphene C 1 s XAS 
spectra.— - — These features are located a little lower than the Fermi level estimated from our C Is 
X-ray photoelectron spectrum (284.5 eV). It was suggested 22 that the observed transition energy 
is determined by final state effects. Therefore, empty states can be observed below the Fermi level 



determined by XPS (see [figure] [3] []3 ). An analogous peak in C Is XAS of nanographite grains 
growth on Pt(lll) was attributed to a zigzag edge-derived electronic state. 22 Hua et al. 26 showed 
that this peak is determined by defects and should not be present in an ideal graphene sheet. Note, 
an analogous feature at 284.5 eV (peak b) in the spectra of carbon nanotubes was attributed to the 
rolling (helicity) of the carbon layers of nanotubes.— 

The peaks analogous to d and e in the spectra of Ni@C can be seen in the spectra of graphene 24 
and, according to the work of Hua et al.,— these peaks should be explained by defects. Both n* 
and a* resonances have contributions to these peaks. Note, that the intense features d and e are 
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Figure 2: C Is X-ray absorption spectra of HOPG and of as-prepared Ni@C nanoparticles (1) and 
Ni@C stored in air for 2 years (2). The spectra of HOPG are measured at two angles # between 
the normal to the surface of the samples and the X-ray beam. Insert shows the difference spectrum 
obtained by subtraction of the HOPG spectrum (# = 60°) from the spectrum of as-prepared Ni@C. 

observed only for the Ni@C sample stored in air for 2 years. According to our X-ray photoelectron 
measurements, the sample Ni@C (2) is partly oxidized. Therefore, one should assigned these 
features to contaminations by a COOH group and/or C-H due to oxidation. 28 

The presence of functional groups in the Ni@C (2) nanoparticles can be confirmed by the C Is 



photoelectron spectra shown in |[figure][3][]3[ The spectrum of as-prepared Ni@C (1) shows one 
C Is peak at 284.5 eV with an asymmetric line shape attributed to sp 2 bonded carbon atoms in 
reference to the XPS studies of graphite^ or carbon nanotubes. 30 The C Is XPS spectrum of 
Ni@C (2) is more complicated and, in order to separate signals from functional groups, we have 
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deconvoluted it into four peaks. As for Ni@C (1), the prominent peak at 284.5 eV reveals C-C 
interactions. The additional peaks in the C Is XPS spectrum of Ni@C (2) at 285.5 eV, 286.6 eV, 
and 288.8 eV can be identified as hydroxyl (OH), carbonyl (C=0), and carboxyl (0=C-OH) 
groups attached to the carbon atom in Ni@C,— ~— respectively, as it is shown in | [figure] [3][]3 



The contributions of these functional groups to the C Is XPS spectrum of Ni@C (2) are 19 %, 8 
%, and 4 %, respectively. 
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Figure 3: C Is X-ray photoelectron spectra of of as-prepared Ni@C nanoparticles (1) and Ni@C 
stored in air for 2 years (2). The spectra of the Ni@C (1) and Ni@C (2) samples are measured at 
the excitation energies of 950 eV and 1486.6 eV, respectively. 



Calculations of the electronic structure of the carbon shell of Ni@C were carried out for a 
few layer graphene (FLG), i.e., 6 layers of graphene with Bernal (AB) stacking, one and three 
graphene layers on Ni (111). The starting geometric structure was taken from the work of Gio- 
vannetti et al.— Stone-Wales (SW) defects— were used in our model because of non-planarity 
of graphene layers folded around spherical particles. In order to examine the role of SW defects 
for the electronic structure the calculations for graphene monolayers containing a SW defect per 



50 atoms in the supercell [ [figure] [4] [] 4 (a)] have been performed. For imitatation of the dis- 
cussed defects in graphene multylayers we have used graphite containing SW defects in each layer 



| [figure] [4] []4 (b)]. The results of the calculations are presented in [figure] [5] [] 5 
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Figure 4: (a) The geometric structure optimized for graphene monolayer containing one Stone- 
Wales defect on supercell with 50 carbon atoms; (b) supercell of graphite with maximal concen- 
tration of Stone-Wales defects. 



For comparison of the theoretical results with our experimental X-ray emission and absorption 
spectra, we have simulated the C 2p density of states of Ni@C as the sum of DOS for a graphene 
monolayer with SW defects multiplied by three and the DOS for three layers of graphene on 
Ni(lll). The simulated DOS and experimentally measured C Ka X-ray emission (XES) and C 



Is X-ray absorption (XAS) spectra of Ni@C (1) are presented in [figure] [6] [] 6 C Ka X-ray 
emission spectra reveal the distribution of C 2p states in the occupied part of the valence band 
since they are appeared as a result of the 2p — > Is electronic transitions. These XAS and XES 
spectra for the as-prepared Ni@C sample plotted in the photon energy scale are given in the upper 



part of [figure] [6] [] 6 The Fermi level estimated from the C Is X-ray photoelectron spectrum 



(see [figure] [3] [] 3 ) is shown by line. The Ka X-ray emission spectrum consists of a broad main 
peak at about 277 eV labeled by A, and a shoulder at about 282 eV labeled by B. Following the 
interpretation presented in the literature^^ one can attribute these features to a and % orbitals, 
respectively. The combined use of the C Ka X-ray emission and C Is X-ray absorption spectra 
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Figure 5: Densities of states of carbon for graphite and of a few layer of graphene on a single 
crystal of Ni(l 1 1) with and without Stone-Wales defects: (a) — graphite with SW defects; (b) — 
graphene monolayer with one SW defect; (c) — 6 layers of graphene; (d) — one layer of graphene 
on Ni (1 1 1); (e) — 3 layers of graphene on Ni (1 1 1). 
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(the upper part of|[figure][6][]6[) shows that there is no gap between the occupied and unoccupied 



C2p states ofNi@C. 
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Figure 6: C Ka X-ray emission and C Is X-ray absorption spectra of as-prepared Ni@C compared 
with density of states obtained for layer graphene on a single crystal of Ni(l 1 1) with Stone-Wales 
defects. The line shows the Fermi level estimated from the C Is X-ray photoelectron spectrum. 



One can see that the calculated superposition of the densities of states coincides well with the 
experimental C Ka emission and C Is absorption spectra. Two additional features in the C Is 



X-ray absorption spectrum near the Fermi level (features a and b in [figure] [2] [] 2) are caused by 



the presence of SW defects [feature a at +0.5 eV — see also |[figure][5][]5| (a),(b)] and overlapping 
of the electronic states of graphene layers with those of the nickel substrate [feature b at about 1 
eV 



see 



[figure] [5] [] 5 (e)]. The comparison of the calculated density of states and C Is XAS 



and C Ka XES spectra shows that the most appropriate structural model for the carbon coating of 
Ni@C particles is graphene multilayers with high concentration of SW defects (one per 18 carbon 
atoms — about 6 %) but some electronic contribution from the nearest to the Ni core carbon shells 
should be taken into account. 
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The similarity of C Ka XES and C Is XAS spectra of Ni@C <\ [figure] [6] []6] ) with those of 
polymerized fullerene- 3 ^ 4 ^ evidences the presence of not only hexagonal but also pentagonal rings 
of carbon atoms. The presence of these defects leads to increased chemical activity of carbon 
encapsulated metals in comparison with that of flat carbon systems, 41 which is experimentalyl 
confirmed by surface oxidation of the Ni@C (2) sample. The appearance of Stone-Wales defects 
caused by spherical shape of the particles or reconstruction of the defects on the graphene-nickel 
interface was found experimentally 42 ' 43 and theoretically.— 



Conclusions 

In summary, we have studied the electronic and atomic structures of carbon-coated Ni nanoparti- 
cles by means of X-ray absorption, emission, and photoelectron spectroscopies and DFT calcula- 
tions. Results of the measurements suggest that the atomic and electronic structures of Ni cores 
are similar to those of metallic Ni. Absence of any secondary phases and traces of oxidation of 
Ni after two years of exposure of Ni@C nanoparticles in air at ambient conditions confirms good 
protection properties of the carbon shell. Measurements of X-ray absorption and photoelectron 
spectra demostrate some oxidation of the carbon shell. Comparison of experimental X-ray spectra 
and calculated densities of states points to the graphite-like structure of the carbon shell with sig- 
nificant amount (about 6%) of Stone-Wales defects. Some overlapping of the electronic states of 
graphene layers with those of Ni cores is also found. 
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